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DNA sequences with stretches of cytidines are abundant in eukaryotic genomes and are overrepresented in biologically important genomic regions such as centromeres, telomeres, and/or the promoter regions of (onco)genes.[1](#anie201712284-bib-0001){ref-type="ref"} Under specific in vitro conditions, these sequences can form the so‐called i‐motif, a four‐stranded structure consisting of two parallel DNA duplexes zipped together by the intercalation of protonated cytosine--cytosine (C.C^+^) base pairs (Figure [1](#anie201712284-fig-0001){ref-type="fig"}).[2](#anie201712284-bib-0002){ref-type="ref"}

![A) Schematic of an intramolecular i‐motif structure and B) C.C^+^ base pair according to Lieblein et al.[2c](#anie201712284-bib-0002c){ref-type="ref"}.](ANIE-57-2165-g001){#anie201712284-fig-0001}

Only recently, the i‐motifs in promoter and telomeric regions were proposed to be implicated in the regulation of transcription[3](#anie201712284-bib-0003){ref-type="ref"} and the integrity of telomeric DNA.[4](#anie201712284-bib-0004){ref-type="ref"} However, despite all available indications of i‐motif function in vivo, the biological relevance of i‐motifs has remained a matter of dispute for the following reasons: 1) The lack of direct experimental evidence for the existence of i‐motifs in vivo and 2) the very strong dependence of i‐motif stability on chemical and physical environmental factors such as pH that generally appear to be incompatible with the parameters of the intracellular space. While i‐motifs are rather stable in acidic pH, low ionic strength, and dehydrating conditions, the propensity for i‐motifs is generally lower under simulated physiological conditions comprising relatively high ionic strength (ca. 200 m[m]{.smallcaps}), physiological temperatures (35° to 37 °C for human cells), and near‐neutral pH (ca. 7.0).[5](#anie201712284-bib-0005){ref-type="ref"} Whether i‐motif formation in genomic C‐rich DNA is only a peculiarity of its conformational space under specific environmental conditions in vitro and whether the i‐motif structure can be formed and remain stable in the presence of the numerous environmental factors present in the complex intracellular milieu of living cells is not currently known.

To evaluate the stability of i‐motifs formed from naturally occurring C‐rich sequences from the human genome in a complex intracellular environment, we employed in‐cell NMR spectroscopy[6](#anie201712284-bib-0006){ref-type="ref"} of DNA in living human cells. Four oligonucleotide constructs, corresponding to the i‐motif forming sequences from DAP, HIF‐1α, PDGF‐A, and JAZF1 promoter regions[7](#anie201712284-bib-0007){ref-type="ref"}, [8](#anie201712284-bib-0008){ref-type="ref"} from the human genome (see Table [1](#anie201712284-tbl-0001){ref-type="table-wrap"}) and displaying the capacity to form i‐motif structures in vitro under near‐physiological conditions including ionic strength and near‐neutral pH,[7](#anie201712284-bib-0007){ref-type="ref"}, [8](#anie201712284-bib-0008){ref-type="ref"} were selected for the in‐cell NMR study.

###### 

Sequences of the model DNA oligonucleotides used in this study.

        Name            Sequence \[5′→3′\]            
  --- -------- ------------------------------------ ---
        DAP               (C~5~G)~4~C~5~              
       HIF‐1α   (CG)~2~CTC~3~GC~5~TCTC~4~TC~4~GCGC    
       PDGF‐A      C~2~GCGC~4~T(C~5~G)~3~C~13~        
       JAZF1         C~8~G(C~5~G)~2~C~3~TC~6~         
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CD spectra of individual constructs acquired as a function of pH in high‐ionic strength (T‐) buffer are displayed in the Supporting Information, Figure S1. Under these conditions and at pH\>7, the CD spectra of all constructs are marked by a positive peak at circa 290 nm, which is a characteristic spectral marker of i‐motif formation (Figure S1).[7](#anie201712284-bib-0007){ref-type="ref"}, [8](#anie201712284-bib-0008){ref-type="ref"}, [9](#anie201712284-bib-0009){ref-type="ref"} Formation of the i‐motif structures in the T‐buffer of pH 7.0 for all the constructs was further confirmed by the observation of NMR imino signals at 15--16 ppm, which are specific to imino protons involved in C.C^+^ base pairs[9](#anie201712284-bib-0009){ref-type="ref"} (Figures [2](#anie201712284-fig-0002){ref-type="fig"} and [3](#anie201712284-fig-0003){ref-type="fig"}).

![A) Double‐staining (PI/FAM) FCM analysis of transfected HeLa cells with the (FAM)‐DAP construct (upper left corner). Percentages of viable DNA non‐transfected cells, viable DNA‐containing cells, non‐transfected dead/compromised cells, and transfected dead/compromised cells with DNA are indicated in left‐bottom, right‐bottom, left‐top, and right‐top quadrants, respectively. Confocal microscope images of cells transfected with (FAM)‐DAP (upper right corner). The green color indicates the localization of (FAM)‐DAP. The blue color corresponds to a cell nucleus stained by Hoechst 33342. Imino region of 1D ^1^H NMR spectra of DAP in vitro in T‐buffer (140 m[m]{.smallcaps} sodium phosphate, 5 m[m]{.smallcaps} KCl, 10 m[m]{.smallcaps} MgCl~2~, pH 7.0) (black) and in‐cell (red). Imino region of 1D ^1^H NMR spectrum of extracellular fluid (Leibovitz L15 medium) taken from the in‐cell NMR samples after completion of the spectra acquisition (gray). The (in‐cell) NMR spectra were acquired at 20 °C. B--D) Analogous data for HIF‐1α, PDGF‐A, and JAZF1. For the extended version of Figure 2 including all controls, see Figure S4.](ANIE-57-2165-g002){#anie201712284-fig-0002}

![Imino region of 1D ^1^H NMR spectra acquired at various temperatures under in vitro conditions in T‐buffer (TB: 140 m[m]{.smallcaps} sodium phosphate, 5 m[m]{.smallcaps} KCl, 10 m[m]{.smallcaps} MgCl~2~, pH 7.0) in green, in IC buffer (ICB: 25 m[m]{.smallcaps} potassium phosphate, 85 m[m]{.smallcaps} KCl, 10 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} MgCl~2~,130 n[m]{.smallcaps} CaCl~2~, pH 7.2) in black, and under in vivo conditions (red) for A) DAP, B) HIF‐1α, C) PDGF‐A, and D) JAZF1. Blue spectra were acquired at 20 °C, 30 min after the exposure of in vitro/in vivo samples to 40 °C. The PDGF‐A data are from two independent experiments. The data from second experiment are marked with asterisks. For controls relevant to temperature jump experiment see Figure S4.](ANIE-57-2165-g003){#anie201712284-fig-0003}

Individual constructs in the T‐buffer were mixed in a ratio of 40:1 with covalently modified analogs bearing a fluorophore (FAM) at their 5′‐terminus (FAM‐DAP, FAM‐HIF‐1α, FAM‐PDGF‐A, and FAM‐JAZF1) and separately transfected into living (human) HeLa cells (for experimental details see the Supporting Information). The FAM‐modified oligonucleotides were to serve as probes to monitor the transfection efficiency and localization of transfected DNA constructs in cells using flow cytometry (FCM) and confocal microscopy, respectively. For all constructs, transfection was highly effective, generally more than 97 % of the cells were transfected (Figure [2](#anie201712284-fig-0002){ref-type="fig"}). Following the transfection, the viability of the cells was assessed by staining with propidium iodide (PI), which specifically stains dead cells or cells with compromised membrane integrity. Generally, over 85 % of the transfected cells were negative for PI uptake (Figure [2](#anie201712284-fig-0002){ref-type="fig"}). This indicated that the transfections did not compromise cell viability. Control experiments based either on in‐cell NMR readout or on the use of pH‐sensitive fluorescent probes showed that the transfection of DNA did not compromise the homeostasis of the intracellular pH (pH~i~) and that the pH~i~ in the transfected cells is stable over at least 3--4 h (Supporting Information, Figure S2). As evidenced by confocal microscopy images, the model DAP, HIF‐1α, PDGF‐A, and JAZF1 oligonucleotides entered the cells and spontaneously and quantitatively localized to the cell nucleus (Figure [2](#anie201712284-fig-0002){ref-type="fig"}).

After transfection, the cells were evaluated using 1D ^1^H in‐cell NMR spectroscopy. Notably, for all oligonucleotides, the imino regions of the resulting in‐cell NMR spectra, obtained circa 40 min after transfection, featured evident signals in regions characteristic of imino protons involved in C.C^+^ base pairs, which are indicative of the presence of an i‐motif structure in vivo (Figure [2](#anie201712284-fig-0002){ref-type="fig"}). The 1D spectra of extracellular fluids (Leibovitz L15 medium) taken from individual in‐cell NMR samples after completion of spectra acquisition showed that the imino signals came from DNA localized in cells and were not artifacts of oligonucleotide leakage from cells during the course of the in‐cell NMR experiments (Figure [2](#anie201712284-fig-0002){ref-type="fig"}, grey spectra "leakage"). A comparison of the line‐width of imino signals in buffered solutions and in the in‐cell NMR spectra indicated that the in‐cell NMR signals originated from unbound i‐motif DNA (Supporting Information, Figure S3).

Taken together, the in‐cell NMR spectra indicated that the individual i‐motifs introduced into the cells were stable and persisted in the complex environment of the nuclei of living HeLa cells. However, it must be stressed that in the present experimental setup (see above), preformed i‐motifs were introduced into the cells. Therefore, while the observation of imino signals for C.C^+^ base pairs in in‐cell spectra indicates that the i‐motif structure is compatible with (and not actively destabilized by) a complex intracellular environment, it provides no information on the ability of model sequences to form i‐motifs in the intracellular space de novo. It must also be noted that the temperature employed during the acquisition of the in‐cell NMR spectra (20 °C) was well below physiological temperatures (35 to 37 °C). To evaluate the stability of i‐motif structures at physiological temperature in vivo and assess de novo i‐motif formation in an intracellular space, we acquired a set of in‐cell NMR spectra for individual constructs at elevated temperatures (up to 40 °C) and performed temperature‐jump experiments by first gradually increasing the temperature from 20 to 40 °C to destabilize the i‐motif structure in vivo and then lowering the temperature back to 20 °C to initiate its refolding (for details, see below). The work‐flow of the temperature‐jump in‐cell NMR experiment is schematically presented in the Supporting Information, Figure S5. As shown in Figure [3](#anie201712284-fig-0003){ref-type="fig"}, imino signals at 15--16 ppm, indicative of the presence of i‐motif structures, were present in in‐cell NMR spectra for DAP, PDGF‐A, and JAZF1 even at 35 °C, suggesting that a significant population of the folded species (i‐motif) is present even at physiological temperature. In contrast, no i‐motif‐specific signals were detected for the HIF‐1α construct. Notably, the i‐motif‐specific signals were present in the in‐cell NMR spectrum for JAZF1 at 40 °C (Figure [3](#anie201712284-fig-0003){ref-type="fig"}). Most importantly, the intensity of the signals characteristic of i‐motif formation for DAP, HIF‐1α, PDGF‐A, and JAZF1 were restored in the corresponding in‐cell NMR spectra upon lowering of the temperature of the in‐cell sample back to 20 °C (Figure [3](#anie201712284-fig-0003){ref-type="fig"}). Although the time required to acquire the in‐cell spectra (30 min or more) does not allow quantitative assessment of i‐motif folding kinetics in vivo, the observation that the i‐motif‐specific signals had the same intensity (at 20 °C) observed prior to the temperature unfolding event within 30 min of initiation of the temperature jump (from 40 to 20 °C) indicates that the i‐motif unfolding/folding cycle in vivo is reversible. Altogether, our data, for the first time, directly demonstrate that DNA i‐motifs formed from natively occurring C‐rich sequences in the human genome are stable and persist in the native complex environment of live human cells.

As shown in Figure [3](#anie201712284-fig-0003){ref-type="fig"}, the intensities of the imino signals in the in‐cell NMR spectra for the DAP and JAZF1 constructs are perturbed by increasing temperature to a notably lower extent then under the simplistic conditions of high ionic‐strength and near‐physiological pH, herein represented by the IC buffer. Under the simplifying assumption that temperature‐induced changes in the intensities of the imino NMR signals are primarily determined by the changes in the populations of the C.C^+^ base pairs in the i‐motif structure, this observation indicates higher stabilities of the DAP and JAZF1 i‐motifs in vivo compared to their stabilities in the IC buffer (for experiments validating this assumption see the Supporting Information, Figures S6 and S7 and Commentary S1). While our data do not allow direct identification of the source of this stabilizing effect, it needs to be noted that the stabilization of C.C^+^ base pairs have been previously observed in i‐motif DNA under conditions simulating the effect of the excluded volume, that is, under the conditions expected in the intracellular space.[10](#anie201712284-bib-0010){ref-type="ref"} To assess the behavior of the DAP and JAZF1 i‐motif constructs under excluded‐volume conditions, we acquired CD melting curves and temperature‐resolved NMR spectra for the DAP and JAZF1 i‐motif constructs in the IC buffer of pH 7.0 supplemented with either with 20 % glycerol (to emulate volume exclusion by osmotic stress) or 20 % Ficoll 70 (to emulate volume exclusion by molecular crowding). The CD and NMR data jointly showed that Ficoll 70, in contrast to the glycerol, stabilized the DAP and JAZF1 i‐motif structures (Figure [4](#anie201712284-fig-0004){ref-type="fig"} and the Supporting Information, Figure S6). In parallel, a comparison of the temperature‐resolved NMR spectra for the DAP and JAZF1 constructs acquired in the absence and in the presence of the low‐molecular‐weight cellular (metabolic) fraction showed that the cellular metabolites did not increase the stability of the i‐motif DNA (Supporting Information, Figure S8). These observations suggest that one of the factors responsible for stabilization of i‐motif structures in vivo might be molecular crowding of the high‐molecular‐weight co‐solutes present in the intracellular space.[10](#anie201712284-bib-0010){ref-type="ref"}

![Normalized molar ellipticities (left panel) extracted from the CD spectra for the A) DAP and B) JAZF1 i‐motif constructs recorded at signal maximum in the range between 285--290 nm as a function of temperature in IC buffer (25 m[m]{.smallcaps} potassium phosphate, 85 m[m]{.smallcaps} KCl, 10 m[m]{.smallcaps} NaCl, 1 m[m]{.smallcaps} MgCl~2~,130 n[m]{.smallcaps} CaCl~2~, pH 7.0) in the absence (green) and the presence of either 20 % glycerol (blue) or 20 % Ficoll 70 (black). Imino region of 1D ^1^H NMR spectra (three panels on the right) recorded for the A) DAP and B) JAZF1 i‐motif constructs as a function of the temperature under identical conditions.](ANIE-57-2165-g004){#anie201712284-fig-0004}

To conclude, our data suggest that C‐rich sequences, such as those recently identified by the groups of Waller[8](#anie201712284-bib-0008){ref-type="ref"} and Burrows,[11](#anie201712284-bib-0011){ref-type="ref"} displaying the capacity to form i‐motifs with only moderate differences in their association and dissociation kinetics under neutral pH and near‐physiological ionic strength are likely to form stable i‐motif structures in vivo. These observations open an avenue for the identification of genomic C‐rich sequences capable of forming stable i‐motifs in vivo and provide essential information for the design and development of i‐motif‐based DNA nanodevices/biosensors for intracellular applications.[12](#anie201712284-bib-0012){ref-type="ref"} In biological terms, our results support the concept that i‐motif structures may act as active regulators of genomic DNA and potential drug targets.[3](#anie201712284-bib-0003){ref-type="ref"}, [4](#anie201712284-bib-0004){ref-type="ref"}, [13](#anie201712284-bib-0013){ref-type="ref"}
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